One of the challenges for laser-driven proton beams for many potential applications is their stability and reproducibility. We investigate the stability of the laser driven proton beams through statistical analysis of the data obtained by employing a high repetition rate tape driven target system. The characterization of the target system shows the positioning of the target within ∼15 μm in the focal plane of an off-axis parabola, with less than a micron variation in surface flatness. By employing this stable target system, we study the stability of the proton beams driven by ultrashort and intense laser pulses. Protons with maximum energies of ∼6 AE 0.3 MeV were accelerated for a large number of laser shots taken at a rate of 0.2 Hz with a stability of less than 5% variations in cutoff energy. The development of high repetition rate target system may provide a platform to understand the dynamics of laser driven proton beams at the rate required for future applications. 
I. INTRODUCTION
Current state of the art high power laser systems have the capability to generate ultrashort laser pulses at high repetition rate required for many applications [1] [2] [3] , for instance, acceleration of particles (electrons and ions) using high power lasers. Acceleration of ions in the interaction of intense and ultrashort laser pulses with solid targets [4] do not allow to explore the full capability of the laser systems viz. high repetition rate, mainly due to the complications in replacing targets at such a high rate. So far, most of the investigations have been made in a single shot mode [4, 5] , yet require a systematic study at high repetition rate to investigate the stability and reproducibility of the ion beams. For potential applications of the laser driven ion beams, such as ion implantation of semiconductors, high energy physics, production of radio-isotopes and medical applications [4, 5] , repetition rates of greater than 10 Hz would ideally be required. In addition to study the stability of the ion beams with a high repetition rate target system, closed loop optimization of various laser diagnostics would be possible [6, 7] .
In addition to the ongoing progress in laser technology, development of compatible high-repetition rate target systems is essential. In this context, there are only a few target systems available, like droplet systems [8] , gas jets [9] , and tape targets [10] . Tape driven targets can provide continuous and fresh supply at high repetition rate without extra efforts on vacuum systems required for droplets targets and gas jets [10] [11] [12] . Moreover, it facilitates to investigate the stability of the laser driven ion beams in the light of developing next generation particle accelerators for the aforementioned applications.
In this paper, we present a low-cost and high repetition rate VHS (Video Home System) tape drive target system [13] for stable and reproducible acceleration of protons in the interaction with intense laser pulses. High performance and vacuum compatible DC motors with a feedback loop for current optimization make this system viable for laser driven protons experiments. By employing the tape drive target system, a large number of shots were taken at a rate of 0.2 Hz. The data suggests that ∼6 MeV protons were accelerated in the interaction with a fluctuation of 0.26 MeV in the maximum proton energy. Furthermore, a correlation analysis of the proton beam parameters exhibits a correlation of maximum proton energy and flux to laser energy fluctuations. This target system can be used to verify, in addition, to investigate angular properties of the proton beams and source fluctuations, existing scaling laws and predications of theoretical models [14] [15] [16] [17] at high repetition rate.
II. TAPE DRIVE TARGET SYSTEM AND ITS CHARACTERIZATIONS
The tape drive target system developed for this study is illustrated in Fig. 1(a) . It is based on two motorized spools for winding and unwinding of ∼13 mm wide and more than 100 m long thin VHS tape of 15 μm thickness. In order to hold the tape between the two spools four highly polished stainless steel (SS) bolts were used. The wedge shape on the structure plate was designed for unobstructed movement of ions towards the detector. The design is simple but versatile as the base plate is adjustable and can be fixed on the upper or lower part of the structure plate. Therefore, the system can easily be installed in different experimental setups. High performance and vacuum compatible DC motors (Maxon Motor) with a computer control system ensured the precise movement of the tape target. In comparison to the tape drive system described in Ref. [11] that can only be operated in low vacuum (5 × 10 −2 mbar) due to noncompatible motors and clutches for high vacuum, our tape drive system is compatible with high vacuum (10 −5 mbar), typically required in experiments using ultrashort laser pulses. A rotary encoder was installed to measure the position, speed, and acceleration of the tape. This information was utilized in the feedback loop that controls the current to the motors, which allows a smooth movement of the tape. Figure 1 (b) shows the schematic of the control system for the tape drive system.
The VHS tapes used in this study were low-cost and commercially available. The surface roughness of these tapes were found less, having 14.3 nm (RMS) and 168.2 nm peak to valley roughness, as compared to other tapes e.g. Kapton tape [18] . These types of VHS tapes (iron-oxide particles with Mylar as a carrier substrate) have already been used for generating higher order harmonics and as a plasma mirror [13, [19] [20] [21] . Having combination with plastic (Mylar) they have good mechanical strength, moreover, reduce the generation of electromagnetic pulses during ion acceleration, typically observed in the case of metal targets which interrupt operation of electronic devices [22, 23] . Although for such tape targets debris management is an important issue to protect the optical components, it can be overcome by using thin glass pellicle or thin Mylar sheet [24] . In order to observe the stability of tape target positioning, we used an imaging system consists of a 10 bit Firefly CCD camera (Aptina MT9V022) with a microscope objective of 10x magnification. This allows us to monitor the fluctuations of the thin side of the VHS tape in the laser focus direction during its movements. Thus for repetitive runs of the tape on the drive system the fluctuations in position were observed from the mean position. The histogram for these observations is plotted in Fig. 2 and shows the surface position reproducibility and stability of the tape target. It is important to mention here that the fluctuation in surface positioning of the tape target in focal plane of off-axis parabola (OAP) was ∼14 μm, which an order of magnitude less than the position reproducibility reported in the Refs. [11, 25] , where the target position was reproduced in ∼100 μm which is the limit of Rayleigh range of OAP, resulting in large variation of laser intensity. Considering the fluctuations, it can be inferred from Fig. 2 that 95% of the laser shots would be within 28 μm.
Another important requirement for such tape targets is the flatness of the targeted area, i.e., free from the ripples [13]. We used a low intensity He-Ne laser and a multipinhole array of ∼165 μm diameter and ∼220 μm interhole spacing to study the wave front of the reflected light from the targeted area as shown in Fig. 3(a) . By using a charged coupled device (CCD) camera, we detected the reflected beam and measured the deviation from a regular reference pattern. The surface of the target area was reconstructed using Zernike polynomials [12, 26] and is shown in Fig. 3(b) . The fluctuations in the probed surface area were found less than 1 μm as the tape was driven with the optimum current of 0.2 A in the stepper motors.
III. EXPERIMENT
The experiment was performed at the Laboratory for Laser Plasmas (LLP), Shanghai Jiao Tong University. Ti: Sapphire based laser system was used which can deliver p-polarized pluses of ∼25 fs long and energy ∼5 J. While in the experiment presented here, the laser pulse energy was ∼1-2 J. The repetition rate of the laser system is 10 Hz, however, the experiment discussed here, was conducted at 0.2 Hz. In addition to compatible with the target system, this allows sufficient time for effective cooling of the lasing materials, which leads to the stability of the laser beam parameters and focusability [27] . The amplified spontaneous emission contrast (ASE) to the main peak was measured to be 10 −8 at 10 ps by a scanning third-order auto correlator [27] . Figure 4 shows the schematic of the experimental setup. Laser pulses were focused to ∼6 μm spot (FWHM), using a f=4 off-axis parabolic mirror, containing 25% of energy in FWHM. The resulting maximum intensity on the target was ∼6 × 10 19 W=cm 2 . The tape drive system with VHS tape of 15 μm was mounted on a motorized three dimensional (3D) translation stage system at the center of the interaction chamber. A Thomson parabola spectrometer (TPS) was installed at normal to the target rear surface in a separate vacuum chamber, which was pumped down to 10 −6 mbar pressure. A pinhole of 100 μm diameter was installed at a distance of ∼755 mm from the target results in a solid angle of ∼1.4 × 10 −8 sr. The ions traces were collected on a phosphor screen of a microchannel plate (MCP) detector of 40 mm diameter with 14-bit CCD camera (Point Grey).
IV. RESULTS AND DISCUSSION
In the interaction of ultrashort intense laser with solid targets, ions are accelerated mainly by well established target normal sheath acceleration (TNSA) [4] , where the ions acceleration is because of large sheath electric field (TV=m) on the rear side of the target, generated by hot electrons. Since protons are lighter than other hydrocarbon containments present on the target rear surface, they are accelerated most effectively in the direction normal to the target [4] . The spectrum of the accelerated protons is typically broadband with a sharp cutoff in the energy. Since the cutoff energy and flux of the protons beams are important features of the accelerated protons [4] , the stability and constancy of these features are important for the many future applications.
In order to investigate the stability of TNSA driven proton beams, we performed the experiment employing the VHS tape drive target system at the repetition rate of 0.2 Hz. The energy spectrum of the protons is shown in Fig. 5(a) . The raw image in the inset shows ions traces and a bright spot, typically known as zero point, due to undeflected particles and radiations. A LabVIEW [28] based program was developed to extract the protons energy spectrum. Figure 5(b) shows an average proton spectrum for fifty consecutive laser shots. The mean proton cutoff energy is 5.85 MeV. The relative proton number variations are shown by standard deviation (AEσ) line bounds. The spectrum shows slightly higher variation for low energy < 1.5 MeV, which can be due to the variations in interaction conditions, e.g. ASE pedestal variation from shot to shot, which leads to different pre-plasma conditions resulting in changes in proton flux and cutoff energy [29, 30] . Moreover, the difference in plasma condition may lead to two protons source, essentially with different electron temperatures, that may result in modulated proton spectrum [31] . Table I highlights the statistical analysis of the variations in the proton beam parameters for fifty consecutive shots. The variations are within ∼1 MeV between maximum and minimum proton cutoff energy with 0.26 MeV standard deviation, which implies that the cutoff energy of the proton beams is significantly stable with the coefficient of variation (CV) about 4%. The flux of the proton beam is crucial for applications including cancer therapy [32] . Variation in the proton flux is ∼35%, which is higher than the variation in the proton cutoff energy. As mentioned earlier, it could be due to different pre-plasma conditions in different shots, which results in different plasma scale length and hence, the laser coupling to the target. Table I shows slightly higher fluctuations (∼18%) in laser energy [33] . Reducing the laser energy fluctuations may result in relatively stable parameters of the proton beams.
In comparison to the results presented in the Refs. [11, 25, 34] , where proton energies of 1 MeV, 1.2 MeV and 1.5 MeV respectively were measured in forward direction using tape targets, higher proton cutoff energy ∼6 MeV is observed from 15 μm thick low-cost VHS tape in the forward direction. Moreover, in the Ref. [35] the proton beams stability was measured for 7.5 μm thick polyimide tape target for 13 and 40 consecutive shots at a rate of 1 Hz, in different laser contrast conditions (without and with saturable absorber respectively). With different laser contrast conditions, maximum proton energies of 2.6 MeV and 3.1 MeV were observed with 23% and 6% fluctuations respectively in Ref. [35] . We obtained ∼6 MeV protons with 4% fluctuations for 50 consecutive shots at 0.2 Hz, with an order of magnitude less laser intensity as compared to Ref. [35] .
In order to understand the correlation between proton beam parameters and laser energy variations in our data, we performed Pearson correlation analysis as shown in 
V. SUMMARY
In summary, we investigated the stability and reproducibility of the laser driven proton beams using a low-cost, high repetition rate VHS tape drive target system. The proton spectrum was found to be reproducible with only 4% fluctuations in maximum proton energy (∼6 MeV). By taking numerous laser shots at relatively high repetition rate, we are able to do statistical analysis of the proton beam parameters. Significant correlation is found between maximum energy and the flux of the proton beams to laser energy fluctuations. Although a large number of shots were taken at a rate less than the capability of the laser system (10 Hz), it could provide a platform to understand the different characteristics of the proton beams viz. source size, beam divergence and spectrum at high repetition rate, which would be useful to distinguish different mechanisms involved in the acceleration of ions. For example, by employing higher repetition rate (1-5) Hz tape drive system with microns/sub-microns foils and high contrast, intense laser pulses, interplay between different acceleration mechanisms can be studied.
Data associated with research published in this article can be accessible at [36] . 
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